Adsorption (AD) cycle is recently pioneered for cooling and desalination applications. For water treatment, the cycle can be used to treat highly concentrated feed water, ranging from seawater, ground water and chemically-laden waste water. This paper presents a review of the recent development of AD cycle and its hybridization with known conventional cycles such as the MED and MSF. We begin by looking at the basic sorption theory for different adsorbentadsorbate pairs, namely (i) silica gel-water, (ii) the zeolite-water, (iii) parent Maxsorb III/ethanol, © 2015. This manuscript version is made available under the Elsevier user license
(iv) KOH-H2 surface treated Maxsorb III/ethanol, and (v) a metal organic framework (MOF) material namely, MIL-101Cr/ethanol. We also present the basic AD cycle for seawater desalination as well as its hybridization with known conventional thermally-driven cycles for efficiency improvement. We demonstrate the water production improvement by 2-3 folds by hybridization in a pilot comprising a 3-stage MED and AD plant and the top-brine temperature 50 o C. Q isosteric heat of adsorption at zero fractional uptake (kJ kmol -1 ) R universal gas constant (kJ kmol -1 K -1 )
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Introduction
Water and cooling are two major needs for life continuation. Presently, about 36% of global population (2.5 billion people) live in water scarce regions, defined here as water consumption at 1000 m 3 per capita per annum, yet contributing to 22% of the world's GDP (9.4 trillion USD).
With a business-as-usual (BAU) of water productivity and medium GDP growth predictions, about 50% of the world's population and 45% of global GDP will be at severe risk from water stress by 2050. For example, the rapidly-developing countries such as China, India, etc., will face severe water scarcity as early as 2025, limiting their economic growth of these countries and affecting about 2.7 billion people, as reported in a recent report from IFPRI-VEOLIA (2011)
In the Gulf Cooperating Council (GCC) countries, a similar water scarcity situation is predicted.
As seen in Figure 1 Similarly, air-conditioning in GCC where summer temperature can be as high as 50 o C is expensive necessity. In GCC, cooling consume up to 70% of annual-peak electricity production, around $20 billion yearly fuel opportunity. If current trend persist, the cooling demand is estimated to be triple by 2030 and by then 1.5 million barrels of oil need to burn to run airconditioning facilities in GCC. In addition, GCC government will spend $100 billion by 2030 for new cooling capacities and $120 billion for new power capacities. Figure 2 shows cooling capacity growth in the GCC from 2010-2030 in millions of Rtonne [7] .
From the viewpoint of water-cooling-energy-environment nexus, there is an urgent motivation for research and innovation in water & cooling processes addressing three major issues; (i) lower specific energy consumption in terms of kWh/m 3 However, the main drawback of this technology is the low system performance in terms of cooling capacity and COP. The system performance can be improved by using promising adsorbent/refrigerant pairs with high adsorption capacity and fast kinetics. Extensive studies have been conducted to investigate adsorption isotherms of various pairs. Aristov et al. [8] measured adsorption kinetics of vapor on loose grains of Fuji Davison RD silica gel using TG differential method. Experiments have been conducted within a temperature range of 29-64°C and a pressure range from 6.5 to 34 mbar. El-Sharkawy et al. [9] investigated adsorption kinetics of activated carbon fiber/ethanol pair by gravimetric method using TGA (CAHN TG 2121) unit.
The authors proposed a new concentration profile that removes the restrictions between the overall mass transfer coefficient and the diffusion time constant and the model has been validated experimentally. Adsorption kinetics of ammonia onto composite adsorbent material (BaCl2 impregnated into a vermiculite matrix) has been investigated under isothermal conditions and in a laboratory scale system [10] . El-Sharkawy [11] addressed the effect of using classical Linear Driving Force (LDF) model on the performance evaluation of adsorption cooling systems.
A comparative study between the LDF approximation and the Fickian diffusion (FD) model has also been presented.
In this paper, we presented basic sorption theory for different adsorbent-adsorbate pairs. The authors tested different pairs such as: (i) silica gel-water, (ii) the zeolite-water, (iii) parent
Maxsorb III/ethanol, (iv) KOH-H2 surface treated Maxsorb III/ethanol, and (v) a metal organic framework (MOF) material namely, MIL-101Cr/ethanol. We also presented basic AD cycle operation and its integration with the conventional multi effect desalination MED stages to exploit the thermodynamic synergy of the thermally-driven processes with temperature cascade.
Such a hybrid process, called MEDAD and MEAD cycles, overcome the limitations of conventional MED system by having its bottom brine temperature operating below the ambient.
In addition, we presented the predictions of simulation and experimental data of a MEDAD pilot, comprising only 3 stages of MED with a basic 4-bed AD.
Adsorbent-adsorbate pair testing
In this section, adsorption characteristics of ethanol onto several promising adsorbents were measured by a magnetic suspension adsorption measurement unit. The studied adsorbents are parent Maxsorb III, KOH-H2 surface treated Maxsorb III and a metal organic framework (MOF) material namely, MIL-101Cr. The experiment was conducted using the multi-step technique.
In each step adsorption temperature was kept constant and evaporation temperature increased step by step until reaching relative pressure of about 0.9. Prior to each adsorption isotherm measurement, the sorbent was first heated at 120°C for 4 hours under vacuum condition of 3×10 -4 Pa to remove any adsorbed gas from the sample. As the weight measurement is affected by the buoyancy force, the effect of buoyancy is considered during measurements. An isothermal air bath is used to avoid the condensation inside the connecting tubes setting the bath temperature 20ºC higher than the saturation temperature of the vapor. The schematic diagram of the experimental apparatus is shown in Figure 3 . A detailed description of the experimental procedure can be found elsewhere [12, 13] . 
Adsorption isotherms and kinetics
Numerical values of Wo , n and E for parent Maxsorb III/ethanol pair are found to be 1.2 kg kg -1 , 1.8 and 140 kJ kg -1 , respectively. For KOH-H2 treated Maxsorb III/ethanol pair, these values are 1.0 kg kg -1 , 1.9 and 152 kJ kg -1 .
It can be seen from Figures 4 and 5 that adsorption capacity of Maxsorb III is higher than that of KOH-H2 treated Maxsorb III. However, the adsorption kinetics is also an important issue. Figure 6 shows the adsorption isotherms of MIL-101Cr/ethanol pair for adsorption temperatures range from 30 to 70ºC. It can be seen from Figure 6 that the adsorption capacity of MIL-101Cr/ethanol pair is as high as 1.1 kg kg -1 at adsorption temperature of 30ºC. It is also visible from Figure 6 that the adsorption capacity increases with the increase of relative pressure until it reaches 0.3 or 0.4. After that the increase in adsorption capacity is only marginal. Tóth equation (Eq. 3) is used to fit the adsorption isotherms of the studied pair [14] .
where,
In the above equations, W is the adsorption equilibrium uptake, Ws presents the saturated adsorption capacity whilst W * is the reference adsorption capacity. In this study, the reference temperature is considered as 303K. The parameters b is the affinity constant and bo represents the affinity at the reference temperature. The term, φ, is a constant temperature, and Q is the measure of isosteric heat of adsorption at zero fractional uptake. The numerical values of W * , bo, Q/RTo and φ are found to be 1.15, 0.342, 2.193, 17.845 and 0.358, respectively.
Temporal histories of adsorption uptake and pressure of MIL-101Cr/ethanol pair at adsorption temperature of 50°C are depicted in Figure 7 . At each adsorption step, adsorption uptake increases continuously until reaches the equilibrium condition corresponding to adsorption temperature and evaporator pressure. Similar trends have also been found for the parent Maxsorb III/ethanol and KOH-H2 treated Maxsorb III/ethanol pairs. Considering a spherical adsorbent particle shape, the Fickian diffusion model (Eq. 6) is used to estimate the adsorption kinetics of assorted adsorbent/refrigerant pairs. Solution of equation (6) gives the familiar expression (Eq. 7)
below [11] .
Equation (7) can be then simplified into Eq. (8) and Eq. (9) at long and short adsorption times, respectively [12, 13] . 
AD cycle for desalination
The basic AD operation involves two main processes namely; i) adsorption-assisted-evaporation and ii) desorption-activated-condensation. In first half cycle, vapors generated in AD evaporator are adsorbed on the pore surface area of adsorbent. The heat source is circulated through the tubes of evaporator and seawater is sprayed on the tube bundle. It is observed that the evaporation is initiated by heat source but during adsorption process the high affinity of water vapor of adsorbent drop the evaporator pressure and contribute in evaporation. The AD evaporator operation temperature can be controlled by heat source temperature that is normally circulated in term of chilled water. The AD evaporator can operate at a wide range of chilled water temperature varies from 5 o C to 30 o C to produce the desalination and cooling effects. The vapor adsorption process is continues until the adsorbent bed reach to a saturation state.
During desorption-activated-condensation process saturated adsorbent is regenerated using the low grade industrial waste heat or renewable energy (desorption temperature varies from 55 °C to 85 °C) and desorbed vapors are condensed in a water cooled condenser and collected as a distillate water. It can be seen that two useful effects produced by AD cycle are the cooling effect by the first process "adsorption-assisted-evaporation" and fresh water by converting the seawater by second process "desorption-activated-condensation". Useful effects which are cooling and water production can be produced simultaneously by introducing the multi-bed technique.
From energy efficiency, the AD cycle is deemed inefficient for desalination in the basic cycle configuration as the latent heat of evaporation is large, typically it consumes more than 640 kWh/m 3 . To achieve an energy efficiency of less than 15 kWh/m 3 , the latent energy of evaporation/condensation must be recycled for more than 40 times. For this purpose, the AD technology is the enabler technology for integrating it to the proven thermally-driven desalination cycles such as the MED or MSF. With hybridization, it exploits the thermodynamic synergy between the thermally-driven cycles to give better temperature differentials across each MED/MSF stages and such synergetic effect is delivered by lowering of the bottom brine temperature, to even below the ambient. It is a fact that the lowest temperature differential need to effect evaporation and condensation is about 2 K (inclusive of the saline concentration elevation effect), the total temperature difference (DT) needed is 80K. To achieve a DT>80K, designers of conventional cycles MED cycles have to innovative process breakthrough: Firstly, the top-brine temperature (TBT) have to be raised than the existing limit of 70 o C, and secondly, the bottom brine temperature (BBT) has to be lowered to below ambient, typically as low as 10 o C. To elevate the TBT without having severe fouling and corrosion effects, Hamad et al [39] have experimented the use of Nano-filtration (NF) as a pre-treatment of seawater feed. The dissolved ions in the heated brine that are responsible for 'soft-scales' formation, namely, Ca++, Mg++, etc., but when removed sufficiently prior to supplying to the MED, it enables the TBT to be raised up to a temperature of 120°C without having excessive scaling on the heat transfer surfaces. Coupling the NF and AD processes enable the DT in a MED design to exceed the minimum of 80K, and hence the specific energy consumption of seawater desalination can be lowered to less than 15 kWh/m 3 .
The Hybrid MEDAD Pilot
MEDAD is a hybrid of conventional MED and an AD cycle. In MED stages, vapor emanation from feed seawater is achieved by falling film-evaporation process. Evaporation energy is recovered by series of re-utilization of vapor condensing energy in successive stage those are produced in preceding stages. Process of vapor production and energy recovery by condensation continues until the last stage of MED. The vapors from the last stage are than directed towards AD beds where they adsorbed on the adsorbent surface. Adsorbent high affinity for water vapor drops the pressure and hence the saturation temperature of last stages below ambient typically up to 5 o C. The AD integration with last stage of MED help to extend operational temperature range from 40 o C to 5 o C, help to insert more number of stages results higher system performance ratio.
For demonstration of MEDAD cycle, an experimental test facility is fabricated that integrate a 4bed AD cycle to a 3-stage MED, and the cycle is called MEDAD in short, as shown in Figure 9 .
In the hybrid system, the vapour emanating from the last stage of MED is sent to the evaporator of the AD cycle, enabling a direct uptake of vapour by the adsorbent in the AD beds. This hybrid cycle lowers the BBT of conventional MED system to below the ambient temperature. Detail of hybrid MEDAD cycle can be found in the literature [40] [41] [42] [43] [44] [45] [46] [47] . These parameters can effect system performance in terms of long desorption time if heat source temperature is low and adsorption rate if cycle time is too short. Figure 11 shows the water production profiles of MED and hybrid MEDAD systems at 50C. It can be seen clearly that water production boosted 2-3 folds once MED is integrated with AD.
Results and Discussion
The main reason for this production boost is higher inter stage T due to AD pulling effect that increase the heat flux and hence the evaporation rate.
Experiments were conducted at different heat source temperatures varies from 15 to 70C to track system performance and water production boost form 2-3 times were observed at all heat source temperatures. The conventional MED system cannot be operated below 38C due to ambient temperature limitations but MEDAD has no limitations and last stage can be as low as 5C. the thermodynamic synergy between the thermally-driven cycles that significantly improve the water production yields. Experiments were conducted in a lab-scale pilot MEDAD and confirmed the excellent synergetic effects that boosted the water production up to 2-3 folds over the conventional MED. Table 1 : Projected water demand in GCC countries (millions of gallons).
Conclusions
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